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Abstract (300 words)

Francisella tularensis is a gram—negative facultative intracellular bacterial pathogen that
can infect many mammalian species, including humans. Because of its ability to cause a lethal
infection, low infectious dose, and aerosolizable nature, F. tularensis subspecies tularensis is
considered a potential biowarfare agent. Due to its in vitro efficacy, ciprofloxacin is one of the
antibiotics recommended for post-exposure prophylaxis of tularemia. In order to identify
therapeutics that will be efficacious against infections caused by drug resistant select-agents and
to better understand the threat, we sought to characterize an existing ciprofloxacin resistant
(CipR) mutant in the Schu S4 strain of F. tularensis by determining its phenotypic characteristics
and sequencing the chromosome to determine additional genetic alterations that occurred during
the selection process. The sequence of the CipR strain showed additional mutations which likely
occurred spontaneously during the selection process. Of particular interest was a frameshift
mutation within kdsD which encodes for an enzyme necessary for the production of 3-Deoxy-p-
manno-Octulosonic Acid (KDO), an integral component of the lipopolysaccharide (LPS). A
kdsD mutant was constructed in the Schu S4 strain. Although it was not resistant to
ciprofloxacin, it shared many phenotypic characteristics with the CipR strain, including growth
defects under different conditions, sensitivity to hydrophobic agents, altered LPS profiles, and
severe attenuation in multiple models of murine tularemia. This study demonstrates that the

KdsD enzyme is an attractive therapeutic target for developing novel medical countermeasures.
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Author Summary (150-200 words nontechnical) :

Francisella tularensis causes the life threatening disease tularemia that can be transmitted
to humans, the most common of which is from an infected insect bite. It is considered a
biowarfare agent because it is aerosolizable and has a low infectious dose. Additional threats can
result from naturally occurring or intentionally generated antibiotic resistant strains. In studying
a ciprofloxacin resistant strain of F. tularensis, it was found to contain many mutations,
including in the gene, kdsD. KdsD is responsible for synthesizing a part of the Francisella
lipopolysaccharide, a component found on the surface of the bacteria. We demonstrate that a
functional KdsD enzyme is necessary for growth, survival within macrophages, and the ability to
cause disease in mice. These results suggest that KdsD could be targeted for drug development

as a new antibiotic.
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Introduction:

Francisella tularensis is a gram-negative bacterium that causes the life threatening and
debilitating disease tularemia. As a facultative intracellular pathogen, its ability to replicate
within various host cells, such as macrophages, dendritic cells, neutrophils, and epithelial cells is
well documented and essential for virulence (1-11). F. tularensis is able to infect a wide range
of animal species, including humans. F. tularensis can be transmitted to humans through a
number of routes; the most common being the bite of an infected insect or other arthropod vector
(12-15). Human illness can range from the ulceroglandular form to more serious pneumonic or
typhoidal tularemia (13). In pneumonic tularemia, infection progresses from the lungs to other
organs, mainly the liver and spleen (16-21). The risk of infection is associated mainly with two
subspecies, the more virulent F. tularensis ssp. tularensis (type A) and the less virulent
F. tularensis ssp. holarctica (type B). .

The infective dose of F. tularensis to a human by either subcutaneous or inhalation
delivery is extremely low (18, 22). Due to its highly pathogenic and aerosizable nature, F.
tularensis is classified by the US Department of Health and Human Services as a Tier 1 Select
Agent. Based upon these characteristics, F. tularensis poses a serious potential threat for use as
a biological weapon and has been previously developed as such (16, 23). This threat is of even
greater concern with the existence of antibiotic resistant strains of Francisella which has
previously been demonstrated (24-26).

One of the major virulence factors of Francisella is lipopolysaccharide (LPS) which
plays an important role in evasion of the host immune responses (27-31). LPS is the major outer
surface structure of gram-negative bacteria and consists of three components: lipid A, a

glucosamine-based glycolipid; an eight carbon sugar, 3-Deoxy-p-manno-Octulosonic Acid
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(KDO); and the O-antigen polysaccharide (32). The endotoxin of F. tularensis does not bind to
the LPS binding protein and does not activate the TLR4 signaling pathway (33, 34). In contrast,
lipid A moieties from other gram-negative bacteria are able to interact with the Toll-like-receptor
4, activating the innate immune system to stimulate a strong proinflammatory response (28, 34-
36). The inertness of F. tularensis LPS is speculated to be due to the atypical lipid A structure
that is distinct from other gram-negative bacteria. Specifically, F. tularensis lipid A is
asymmetrical and tetraacylated, possesses longer length of fatty acid chains, lacks phosphate
substituents, and contains a unique amino sugar moiety (27, 29, 32, 37-40). .

The traditional therapy for tularemia is streptomycin, tetracycline, or doxycycline (17,
41-44). However, the fluorinated quinolone, ciprofloxacin, may offer advantages as a first-line
therapy of treatment of tularemia and is recommended as an acceptable treatment option for F.
tularensis, particularly after an aerosol exposure resulting from the use as a biological weapon
(16, 45-51). The advantages for the use of ciprofloxacin over other antibiotics are the
bactericidal effects, the potential for oral administration, and demonstrated in vitro activity (43,
52, 53). Ciprofloxacin targets the bacterial type Il enzymes, DNA gyrase (GyrA and GyrB) and
topoisomerase IV (ParC and ParE) (54, 55) and functions by stabilizing an intermediate stage of
the DNA replication reaction thus inhibiting cell division (56-58). Resistance to ciprofloxacin is
caused by changes to the amino acid sequences around the enzyme active site resulting in
reduced drug affinity and continued gyrase/topoisomerase activity thereby allowing for
continued bacterial cell growth. Quinolone resistance-determining region of gyrA, gyrB, parC,
and parE genes, which are genetic hotspots within the bacterial genome, give rise to mutations
that cause ciprofloxacin resistance by altering key amino acid residues in the topoisomerase Il

enzymes (57, 59).
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In a previous study, a F. tularensis ciprofloxacin resistant (CipR) mutant of Schu S4 was
generated by serially passaging on increasing concentrations of the antibiotic (24). The CipR
mutant contained two non-synonymous substitutions in gyrA and a five bp deletion in gyrA. In
the current study, we further characterized the phenotype of the Schu S4 CipR strain and more
importantly determined if this strain retained virulence in animal models of tularemia. The
genome was sequenced for identifying other genetic alterations which occurred during the
selection process, excluding those previously described to gyrA and parE. Interestingly, one of
the other mutations to the CipR strain was a frameshift in the kdsD gene which encodes for p-
arabinose 5-phosphate isomerase. KdsD is an enzyme that catalyzes the conversion of the
pentose pathway intermediate p-ribulose 5-phosphate (R5P) into D-arabinose 5-phosphate (A5P)
(60). A5P is a precursor of KDO, an integral part of the LPS, in which the lipid A-KDO
molecule serves as a linker for the O-antigen polysaccharide (36). As LPS is known to be an
important virulence factor for F. tularensis (61-66), we sought to determine if the mutation of the
kdsD gene led to many of the characteristics observed for the CipR strain, such as the lack of an
O-antigen and loss of virulence in various murine models of tularemia. We found that many of

the phentoytpes observed with the kdsD mutant similar to those of CipR.

Results:

The genome of the CipR strain was sequenced and additional mutations were identified.

The CipR strain was previously examined for mutations to genes that comprise the quinolone
resistance-determining region which frequently give rise to ciprofloxacin resistance (57, 59).
From the study by Loveless et al. (24), the CipR strain was shown to contain two non-

synonymous substitutions in gyrA and a five bp deletion in gyrA. To determine if other relevant

Bozue et al Page 6

UNCLASSIFIED



TR-16-189 DISTRIBUTION STATEMENT A: Approved for public release; distribution is unlimited.

139

140

141

142

143

144

145

146

147

148

149

150

151

152

153

154

155

156

157

158

159

160

161

mutations had occurred during in vitro passaging for selection of ciprofloxacin resistance, the
genome of the CipR strain was sequenced (Genbank: NC_006570). This resulted in 113,394
polymerase reads with an average read length of 6,626 bp (126,205 subreads, avg. length of 5935
bp). The genome assembled into a single contig of 1,877,832 bp with 1787 CDS features, 10
rRNA genes and 38 tRNA genes (GenBank: CP013853). The assembly contained a single gap in
the middle of one copy of the Francisella pathogenicity island (67). This region is ~30 kb and
nearly perfectly duplicated in F. tularensis Schu S4; therefore, it is impossible to assemble across
this region with the read lengths in the obtained dataset.

From this analysis, eight additional mutations to the CipR chromosome were identified
within seven different genes (Table 2), and we verified the previously described alterations to
gyrA and parE. Most of the mutations were base pair changes leading to an amino acid
substitution for fabH, fabF, FTT_0807, FTT_0676, and FTT_1573. The fupA gene experienced a
base pair deletion at nucleotide 105 and then a base pair addition at nucleotide 111 which
maintained the reading frame of the gene (Table 2).

The mutation to the CipR chromosome of most interest was a frameshift caused by the
addition of an “A” at nucleotide 174 to FTT_0788c/ kdsD (984 bp) (Table 2). KdsD is an
arabinose phosphate isomerase, an enzyme that catalyzes the conversion of the pentose pathway
intermediate D-ribulose 5-phosphate (R5P) into D-arabinose 5-phosphate (A5P). A5P is a
precursor of 3-Deoxy-p-manno-Octulosonic Acid (KDO), an integral part of the LPS which is an
established virulence factor for F. tularensis pathogenesis (61-66).

Construction of a kdsD mutant in Schu S4. In order to explore the potential role of kdsD

in virulence, a kdsD mutation in Schu S4 was constructed. We used a modified TargeTron

mutagenesis system and the Taergetron plasmid pKEK1140 (Table 1) to disrupt the kdsD gene
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162  atsite 611]|612s using retargeted mobile group Il introns as described previously (68).

163  Confirmation of insertion of the intron was demonstrated by PCR analysis using the primers

164  listed in Table 3 that flanked the insert region. For DNA from the Schu S4 strain, a PCR

165  fragment of ~1.3 kb was observed. However for mutant strains that contained the intron insert, a
166  shift of approximately 900 bp was observed (data not shown). To confirm the loss of pKEK1140
167  from the mutant strain, PCR analysis was performed with primers directed against the plasmid,
168  and no product was observed (data not shown).

169 As F. novicida is frequently used as a surrogate for tularemia studies under BSL-2

170  conditions, we also examined a mutant for the gene encoding for A5P in the U112 strain from a
171 previously constructed transposon library (69). The homologous gene in the F. novicida strain
172 U112 was designated as kpsF (FTN_1222) (70) which we shall retain for clarity to distinguish
173 between the two Francisella species and mutant strains. The F. novicida kpsF gene is 969 bp in
174  length and when compared by BLAST (Basic Local Alignment Search Tool) analysis to the F.
175  tularensis kdsD gene, the homology between the two genes was 99% identical and 99% positive
176  (data not shown). Two independent transposon mutants were identified having insertions into
177  the kpsF gene, one was at position 257 relative to the open reading frame and the other was at
178  position 394 (69). However, we were unable to culture the latter mutant under various growth
179  conditions, therefore all work described here was obtained using the former transposon mutant
180  (BEI catalog # NR-6746).

181 Minimum inhibitory concentration (MIC) of the kdsD mutant and in vitro susceptibility

182  testing. The CipR strain was previously shown to contain alterations in both parE and gyrA (24)
183  leading to ciprofloxacin resistance (57, 59). To determine if the alteration of kdsD in the CipR

184  strain had any role in antibiotic resistance or this mutation occurred spontaneously during the
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185  selection process, MIC values were obtained for the kdsD mutant and compared to Schu S4

186  parent and CipR (Table 4). As expected, no difference in resistance to ciprofloxacin was

187  observed between Schu S4 parent and kdsD (MIC = <0.03 ug/ml). High levels of resistance
188  were still detected for the CipR strain (64 pg/ml) as previously reported (24) (Table 4).

189  Likewise, no resistance to ciprofloxacin was observed between the F. novicida U112 parent and
190  the kpsF mutant (Table 4).

191 In addition, we examined the Francisella mutant strains to determine if inactivation of
192  the kdsD/ kpsF genes led to increased sensitivity to a panel of hydrophobic agents. As shown in
193  Table 5 for F. tularensis, both the CipR and kdsD mutant strains showed a significant increase in
194  sensitivity to polymyxin B, Tween 20, and sodium dodecyl sulfate (SDS). Moreover, when the
195  kdsD mutant was complemented with a functional gene on a plasmid, the levels of resistance to
196  these compounds were restored to the parent levels. However, no difference in resistance was
197  observed between the parent Schu S4 and both mutant strains in presence of Triton-X 100. The
198  F. novicida kpsF mutant was also examined; however, the only inhibitor which the kpsF mutant
199  showed an increased sensitivity was Tween 20 (Table 5). This sensitivity could be also restored
200 by complementation.

201 Exogenous A5P restores growth of the kdsD mutant in Chamberlain’s defined medium

202 but not CipR. Additional characterization of the strains involved growth analysis in

203  Chamberlain’s defined broth medium (CDM). As shown in Fig. 1A, when comparing growth of
204  the CipR and kdsD strains to Schu S4, the mutants were able to replicate to some level, but both
205  did show significant differences when compared to the parent for maximum density (p =

206  <0.0001), lag time (p = <0.0001), and maximum growth rate (p = <0.0001), respectively. For

207  the kdsD mutant strain, we were able to demonstrate that this growth defect in CDM was due

Bozue et al Page 9

UNCLASSIFIED



TR-16-189 DISTRIBUTION STATEMENT A: Approved for public release; distribution is unlimited.

208  specifically to the inactivation of the gene. When the kdsD mutant strain was complemented

209  with a functional gene in trans on a plasmid, growth levels were completely restored to Schu S4
210 levels (data not shown). Similar results for growth in CDM with the F. novicida U112 parent
211 and kpsF mutant strains were observed (Fig. 1B). Overall, the mutant was more impaired for
212 growth and significant differences between the two strains were observed for maximum density
213 (p =<0.0001), lag time (p = <0.0001), and maximum growth rate (p = <0.0001).

214  Complementation with a functional gene was again able to restore growth of the mutant to wild-
215  type levels (data not shown).

216 As the KdsD/ KpsF enzyme catalyzes the conversion of R5P into A5P, we hypothesized
217  if the growth defects observed in the respective mutant strains of Schu S4 and U112 in

218  Chamberlain’s broth could be restored by adding AS5P to the media. As shown in Fig. 1 A & B,
219  asignificant increase in growth (as measured by maximum density, lag time, and growth rate; p=
220  <0.0001) was observed for both F. tularensis kdsD and F. novicida kpsF mutants when grown in
221  the presence of 400 uM A5P versus growth without the additional A5P. In contrast, no

222 difference was observed for the respective parent strains when grown with or without additional
223 A5P (Fig. 1A & 1B). Interestingly, the Schu S4 CipR mutant did not show a significant increase
224 in growth with the addition of A5P, despite it also containing a frameshift mutation in kdsD.

225  Therefore other mutations are presumably leading to the defect in growth.

226 The CipR and kdsD mutants are affected in O-antigen expression of the LPS and capsule

227  but not lipid A. When performing western blot analysis with lysate material of equivalent

228  bacterial CFU numbers extracted from wild-type Schu S4, CipR or kdsD and monoclonal
229  antibodies generated against LPS or the O-antigen capsule, the characteristic profiles of the wild-

230  type strain were not observed in the CipR and kdsD mutant strains (Fig. 2A). However, a control

Bozue et al Page 10

UNCLASSIFIED



TR-16-189 DISTRIBUTION STATEMENT A: Approved for public release; distribution is unlimited.

231 western blot was performed using the same amount of lysate material but probing with an

232 antibody to GroEL, a molecular chaperone, and no difference in no difference in the amount of
233 GroEL was observed between strains. When the kdsD mutant strain was complemented in trans
234 with a plasmid containing the functional gene, the LPS and O-antigen capsule profiles were

235  completely restored to this strain (Fig 2A). Similar results were observed by Western analysis
236 with the kpsF transposon mutant strain and monoclonal antibody directed against the LPS of F.
237  novicida (Fig. 2B). Again, the LPS profile could be completely restored via complementation
238  (Fig. 2B).

239 Negative ion mode MALDI-TOF mass spectrometry was used to further compare mutant
240  and wild type LPS structures of F. tularensis. The MALDI process is capable of fragmenting the
241 glycosidic bond that connects the core oligosaccharide to the lipid A moiety (71), allowing this
242  structure to be elucidated from intact LPS preparations. We observe the prompt fragmentation of
243  LPS and the resultant lipid A species using the data acquisition parameters used in these

244  experiments (Fig. 3). We observe the same lipid A structure and variants as reported by

245  Kanistanon et al (27) where the species at m/z 1665.24 corresponds to the intact lipid A structure
246 shown in Fig. 3. The theoretical m/z for this molecule is 1665.25 [M-H]-. We determined

247  experimental m/z values of 1665.24, 1665.24, 1665.24 and 1665.23 for LPS preparations from
248  cultures of wild type Schu S4, CipR, kdsD, and kdsD complemented strains, respectively. The
249  species at m/z 1504.2 (delta 161.0 Da) corresponds to the “intact” lipid A structure minus one
250  galactosamine unit. The minor peaks at m/z 1637.2 and 1476.2 correspond to shorter acyl chain
251 lipid A variants (delta 28.0 Da) of the major peaks described above. We observe these same

252 species in all four LPS preparations suggesting that the loss of the KDO structure in the two

253  mutant strains (CipR and kdsD) does not impact the structure of lipid A. However, we did
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254  observe a lower intensity of lipid A within the kdsD sample which likely resulted from decreased
255  extraction efficiency during sample preparation.

256 Interaction of Francisella strains with macrophage-like cells. The fate of the F.

257  tularensis strains following uptake by J774A.1 cells was studied using a gentamicin protection
258  assay. Asshown in Fig. 4A & 4B, no difference in the initial recovery of CFUs between Schu
259  S4and CipR or kdsD strains was observed at the 4 hour time point, suggesting the initial uptake
260  of the bacteria was not affected. However, after a 24 hr incubation period, the recovered number
261  of CFUs had increased by several logs for J774A.1 cells infected with Schu S4. In contrast, the
262  number of CFUs recovered from J774A.1 cells infected with CipR (Fig. 4A) or kdsD (Fig. 4B)
263  mutant strains had decreased significantly (P=0.0002 and <0.0001, respectively) as compared to
264  CFU counts with the wild-type strain. To demonstrate if this defect in recoverability of the kdsD
265  mutant bacteria following macrophage infection was due specifically to the inactivation of this
266  gene, J774A.1 cells were infected with the kdsD complemented strain. As shown in Fig. 4B, a
267  several log increase of recovered CFUs from the infected macrophages was observed for the

268  complemented strain.

269 During these studies, a disruption in the confluence of the macrophage monolayers was
270  noted after the 24 hr incubation with either CipR or kdsD F. tularensis mutant strains but not
271 with the parent Schu S4 or kdsD complemented strains (Fig. 4C). Previous studies with other F.
272 tularensis mutants containing LPS defects had shown similar induction of macrophage death (72,
273 73). Therefore, the loss of CFU recovery with the F. tularensis mutants from our current study
274 could be due to a loss of the ability to grow intracellularly or by loss of the host and intracellular

275  replicative niche.
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276 Similar results were observed when examining the recovery of CFUs with the F. novicida
277  kpsF mutant from infected J774A.1 cells. As shown in Fig. 5A, a several log CFU increase was
278  observed with the U112 wild-type strain 24 hours-post challenge. In contrast, no increase in the
279  CFUs was observed with the kpsF mutant and thus differed significantly different from the wild-
280  type strain (P=0.0042). However, when a functional gene was supplied to the mutant via

281  complementation, CFU recovery was restored to the mutant strain. The fate of the macrophages
282 infected with the F. novicida LPS mutant was also examined. However, we demonstrated that
283  cell death was occurring via apoptosis as detected by caspase-3/7 activity (Fig. 5A & 5B). The
284  J774A.1 cells infected with the kpsF mutant strain were found to be undergoing apoptosis at a
285  much higher level than observed with cells infected with the U112 strain or uninfected

286  macrophages. However, if the mutant was complemented, little apoptosis was observed (Fig. 5A
287 &5B).

288 The CipR and kdsD mutants of F. tularensis were highly attenuated in mice. To

289  determine if the CipR and kdsD mutant strains were still virulent in mice, various models of

290 tularemia challenges were tested: intradermal, intranasal, and small particle aerosol exposure.
291 The murine LDsy measurements for the wild-type strain by intranasal and intradermal challenges
292 were both determined to be 1-2 CFU (Fig. 6 A & 6B; Table 6). In contrast, the LDs values for
293  the CipR mutant by these same challenge routes were greatly increased: 14,000 and >49,000
294  CFU, respectively (Fig. 6C & 6D; Table 6).

295 Likewise, complete attenuation was observed for mice challenged by the intranasal and
296 intradermal routes for all challenge doses with the kdsD mutant. LDs, measurements for the

297  kdsD mutant were >36,000 and >82,000 CFU, respectively (Fig. 6 E & 6F; Table 6). To

298  demonstrate this severe attenuation was due specifically to the inactivation of the kdsD gene,
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299  mice were intranasally challenged with the complemented mutant (Fig. 6G; Table 6). Almost
300 complete restoration of virulence was observed when mice were challenged by the intranasal
301  route with a complemented kdsD strain, with the LDs, determined to be <10 CFU (Table 6).

302 The recovery and dissemination of the CipR and kdsD mutants were hindered after

303 intranasal challenge. To determine the fate of the CipR and kdsD F. tularensis mutants after

304 challenge intranasally, groups of mice were separately exposed to wild-type Schu S4 (131 CFU),
305 CipR (1,750 CFU), or kdsD (6,000 CFU). At set time points after challenge, mice from each
306  group were euthanized for determining either bacterial burden from lungs and spleens (Fig. 7) or
307  assessing histopathological changes (Fig. 8).

308 For mice receiving the wild-type Schu S4, the number of bacteria recovered from the

309 lungs and spleens increased exponentially after Day 1. On Day 3, approximately 10’ CFU/ g
310  were recovered for both the lungs and spleens. By Day 5, all mice were moribund and one had
311  succumbed to infection. For the remaining mice, lungs and spleens contained approximately 10°
312 CFU/ g in the lungs and spleens (Fig. 7). In contrast, the recovery of CFUs from organs and the
313  ability of CipR and the kdsD mutant strains to disseminate from the lungs were severely affected
314  as compared to mice challenged with the Schu S4 parent strain. For the lungs over the first 7
315  days of testing, little change in the recovered CFUs was observed as compared to CFUs at 6

316  hours post-challenge. At the end of the study on Day 28, the remaining challenged mice were
317  tested for the presence of bacteria within their organs. On Day 26, two of the CipR challenged
318  mice had succumbed to infection. The lungs from the remaining CipR challenged mice were still
319  shown to contain some CFUs but still at a relatively low level. All of the kdsD challenged mice

320  survived until Day 28, and the lungs of these mice were found to be free of F. tularensis (Fig. 7).
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As shown in Fig. 7, overall very few of the spleens of the CipR or kdsD mutant
challenged mice had any CFUs recovered over the first 2 days. Over the remaining week of
testing, the number of spleens still shown to contain any CFUs was inconsistent, with many
being sterile for the presence of F. tularensis. At the end of the study, one of the spleens from
the CipR challenged mice had low levels of CFUs recovered. However, none of the spleens for
the kdsD challenged mice had bacteria present.

Along with testing for the presence and trafficking of F. tularensis from the lungs,
additional mice were processed to compare histopathological differences in disease progression
following intranasal challenge with the wild type Schu S4 or the two mutant strains (Fig. 8). All
pathology images in Fig. 8 are for Day 5 post-challenge. It is at this time point that all wild-type
challenged mice become moribund versus complete survival for the mice challenged with the
CipR or kdsD mutant strains.

When examining organs from mice on day 1 post-challenge with Schu S4, the mice did not have
any lesions suggestive of tularemia. The lesions in these animals were limited to non-specific hyperplasia
of lymphoid tissue in various lymph nodes and in the white pulp of the spleen. However, by day 3 post-
exposure, mice demonstrated classic lesions consistent with peracute infection for tularemia (19, 21, 74).
These lesions consisted of small multifocal random areas of neutrophilic inflammation in the sinusoids of
the liver, red and white pulp of the spleen, cortex and medulla of the lymph nodes, and interstitium of the
lung. These neutrophilic infiltrates were often associated with areas of tissue necrosis. These random
areas of neutrophilic inflammation are consistent with embolic (vascular) spread of F. tularensis. It is
likely that these lesions represent an early time point in the pathogenesis of F. tularensis, prior to
widespread colonization of tissues and associated tissue necrosis. For mice on day 5 post-exposure,
classic lesions consistent with acute to subacute infection with F. tularensis were observed (Fig. 8). These

lesions consisted of random foci of lytic necrosis in the liver, spleen, lungs, and lymph nodes with
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345  neutrophilic inflammation (Fig 8). Additionally, these necrotic areas are associated with numerous large
346  colonies of coccobacilli, morphology consistent with F. tularensis.

347 When examining mice receiving the CipR strain, no lesions were observed indicative of F.
348 tularensis infection on day 1. However by Day 2 post-exposure, 2/3 mice have minimal multifocal

349  neutrophilic inflammation with necrosis in the lung (pneumonia), typical of tularemia. This lesion is

350 characterized by effacement of lung parenchyma and replacement by necrotic debris and neutrophilic
351 inflammation. The areas of necrosis and inflammation in the lung appeared to be random and associated
352  with small airways (alveoli) around bronchioles and vessels. Similar F. tularensis induced pneumonia is
353  noted in all day 3 mice. In all Day 4 mice, there is similar minimal to mild F. tularensis induced

354  pneumonia with extension to the surface of the lungs (pleura), and admixed with the necrosis and

355  neutrophils are discernible histiocytes/macrophages. Additionally, in 2/3 Day 4 post-exposure mice, there
356 is minimal multifocal hepatocyte degeneration and necrosis with some neutrophilic inflammation. In all
357  Day 5 post-exposure mice, there was mild to moderate F. tularensis induced pneumonia with extension to
358 the surface of the lungs (pleura) and admixed with the necrosis and neutrophils are discernible

359 histiocytes/macrophages (Fig. 8). The pneumonia in the Day 5 mice progressed to being more severe as
360  10-25% of the lung parenchyma tissue was affected versus less than 10% which was observed for Day 2
361  through Day 4 mice. In 1/3 mice from the Day 5 post-challenge, there was minimal focal necrosis with
362  neutrophilic inflammation in the liver (Fig. 8). In all three Day 6 post-exposure mice, there was similar
363  mild to moderate neutrophilic and necrotic pleuropneumonia (pneumonia that extends to the surface

364  (pleura) of the lung) with admixed histiocytic (macrophages) and lymphoplasmacytic inflammation. In
365  2/3 mice from Day 6 post-exposure mice, there was minimal multifocal hepatocyte degeneration and

366  necrosis with some neutrophilic inflammation. At the end of study at Day 28, there were diffuse mild to
367  moderate to marked lymphoplasmacytic and histiocytic pleuropneumonia with some neutrophils

368  associated with the aforementioned inflammatory infiltrate in the lung parenchyma and within bronchiolar
369  lumina. This inflammation was more chronic with a minimal active component, which indicates the lung

370 inflammation may be resolving. There was minimal lymphoid hyperplasia in the white pulp of the spleen
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371 inall mice, which may be due to chronic antigenic stimulation from resolving F. tularensis infection.
372 Similar lymphoid hyperplasia was observed in 2/5 Day 28 mice in the tracheobronchial lymph node,
373  likely due to chronic antigenic stimulation from F. tularensis infection of the lungs. In 4/5 mice, there
374  was minimal multifocal lymphoplasmacytic, histiocytic, and neutrophilic inflammation in the liver.
375  Similar to the inflammation in the lung, this inflammatory response was more chronic in nature with a

376  minimal active component, suggesting the liver inflammation may be resolving. It should be
377 noted that all of the F. tularensis challenged mice were compared to mice receiving only PBS
378 intranasally for comparison, and no lesions were noted in any of the organs (data not shown).
379 Overall a similar pattern of disease was observed for mice challenged intranasally with
380 the kdsD mutant as described above for the CipR mutant. Mice that were sacrificed on Day 1
381  again demonstrated effacement of lung parenchyma and replacement by necrotic debris and
382  neutrophilic inflammation. The areas of necrosis and inflammation in the lung appear to be

383  random and associated with small airways (alveoli) around bronchioles and vessels. In all mice
384 in this group, the severity was judged to be only minimal. In addition, all three mice had

385  lymphoid hyperplasia of the submandibular lymph node and 1/3 had hyperplasia of the white
386  pulp (lymphoid tissue) of the spleen. Day 2 mice had similar lung lesions that were of minimal
387  severity in all cases. There was lymphoid hyperplasia of the submandibular lymph node in all
388  three mice and lymphoid hyperplasia of the spleen and mesenteric lymph node in 1/3 mice. By
389  Day 3 post-infection, the pneumonia was slightly more severe, scoring mild in two mice and
390 moderate in one mouse. The infection in the Day 3 mice extended to the pleural surface in 2/3
391  mice and affected pulmonary vessels in all three. The character of the lesion was still primarily
392 necrosis with infiltration by neutrophils, but in two mice, histiocytes/macrophages were also
393  observed. Lymphoid hyperplasia of the mesenteric lymph node was observed in only one mouse

394 in this group. Within the Day 4 group, the pneumonia also involved the pleural surface in all
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395 three mice, and the pneumonia ranged from minimal to moderate in severity. The character of
396 the inflammation was still mainly necrosis with neutrophils and macrophages, but this was the
397 first time point where lymphocytes and plasma cells were observed, indicative of more chronic
398  immune response. Additionally on Day 4, the bacterial infection had seeded to the liver resulting
399 inrandom areas of infiltration by neutrophils and macrophages with variable degeneration and
400  necrosis of hepatocytes. Lymphoid hyperplasia of the submandibular lymph node was observed
401 inasingle mouse. Inthe Day 5 samples, mild pneumonia was present in all mice, but unlike the
402  previous groups there was no evidence of necrosis (Fig. 8). The inflammation was primarily

403  neutrophilic and histiocytic but with a prominent lymphoplasmacytic component that often

404  formed cuffs around blood vessels in the lungs, indicative of a resolving pneumonia. In addition,
405  all mice in this group had a mild hepatitis similar to that seen in the Day 4 group (Fig. 8).

406  Lymphoid hyperplasia was slightly more common in this group, occurring in 2/3 mesenteric

407  lymph nodes and 1/1 submandibular lymph nodes. For Day 6 mice, pneumonia and hepatitis
408  were present in all mice. Like the Day 5 group, there was no longer necrosis in the lung, but

409  more chronic inflammation (lymphocytes and plasma cells), suggestive of a resolving process.
410  The severity of the pneumonia was mild in two mice and mild to moderate in the third. The

411  hepatitis was also more lymphocytic in character, indicative of resolution (Fig. 8). Lymphoid
412 hyperplasia was only observed in the mesenteric lymph node of a single mouse. At the end of
413  the experiment on Day 28, 2/3 mice still had evidence of inflammation in the lungs. The

414  inflammation was mostly lymphoplasmacytic and histiocytic and was located around vessels,
415  bronchioles and within the pleura, and the severity ranged from minimal to mild. No necrosis

416  was evident.
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417 The CipR and kdsD F. tularensis mutants are attenuated by aerosol challenge for mice.

418  As aerosol exposure of F. tularensis is the greatest threat from a biodefense perspective, the

419  ability of the CipR and kdsD mutant strains to be aerosolized and cause infection in mice was
420 also explored. Since both mutant strains were highly attenuated via the intranasal route of

421  challenge, mice were exposed to a single high dose of F. tularensis via small particle aerosol.
422 All mice survived exposure to the CipR (the equivalent of 43 wild-type LDsp) or kdsD (the

423 equivalent of 100 wild-type LDs) mutant strains for 21 days (Fig. 9). In contrast, all mice

424  receiving aerosolized Schu S4 (33 LDsp) succumbed to infection by Day 5 (Fig. 9). The LDs, for
425  BALBI/c by aerosol challenge with the Schu S4 strain is approximately 300 CFU (19, 20).

426 To determine what, if any, pathological changes occurred in mice surviving aerosol

427  challenge with the mutant strains as compared to mice exposed to the wild-type Schu S4 strain,
428  mice were euthanized when moribund by Day 5 or following survival 21 days post challenge
429  (CipR and kdsD mutant challenged mice) and processed for histopathologic examination. For
430  mice challenged with the wild-type Schu S4 strain, the microscopic lesions were typical of F.
431  tularensis and resulted in the death of these mice. The most significant lesions were noted in the
432  spleen and the lung. The lesion in the spleens is characterized by necrosis in the red and white
433 pulp of the spleen with associated acute neutrophilic inflammation and fibrin (Fig. 10). In the
434  lung, the lesion is characterized by necrosis and neutrophilic inflammation (necrosuppurative) of
435  the parenchyma and pleura (surface of the lung). There is also mild to moderate inflammation of
436  lung vessels (vasculitis) characterized by necrosis and neutrophilic inflammation within vessel
437  walls, often with fibrin thrombi (Fig. 10). Examinations of the liver of the moribund mice

438  consisted of multifocal, minimal to mild necrosis with associated neutrophilic inflammation and

439 intracellular coccobacilli (Fig. 10). Other lesions in the mice were typical of tularemia to include
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440  bone marrow necrosis, nasal turbinate/pharyngeal mucosal necrosis, lymph node necrosis, and/or
441  fibrin thrombi in various organs (data not shown).

442 For mice challenged by aerosol with the CipR mutant, the only microscopic lesion of
443  note in all mice examined was a lymphoplasmacytic and histiocytic pleuropneumonia with some
444  neutrophils associated with the inflammatory infiltrate in the lung parenchyma and within

445  bronchioles (Fig. 10). This inflammation is more chronic with a minimal active component and
446  suggests the lung inflammation may be resolving following F. tularensis infection. There is

447  minimal lymphoid hyperplasia in the white pulp of the spleen which may be due to chronic

448  antigenic stimulation from resolving F. tularensis infection (Fig. 10). Likewise for mice

449  surviving aerosol challenge with the kdsD mutant, a very similar course of disease for the mice
450  was observed as described above for the CipR strain. The one slight difference was that the

451 inflammation in the lungs of the mice sprayed with the CipR strain may be slightly more severe
452  based upon subjective assessment of the amount of lung parenchyma affected. Overall for the
453  lungs of the kdsD sprayed mice, there was minimal to mild lymphoplasmacytic and histiocytic
454  inflammation with few scattered neutrophils, often associated with bronchioles in the lung (Fig.
455  10). The inflammation is indicative of a chronic resolving process from aerosol exposure to the
456  kdsD mutant. Finally, no other lesions or pathologic changes were noted in the liver or spleens
457  of the mice surviving aerosol challenge with CipR or kdsD mutant in contrast to the severe

458  pathologic changes observed with mice succumbing to infection with the wild-type Schu S4

459  strain (Fig. 10).

460 The kpsF mutant of F. novicida is highly attenuated for mice. As F. novicida is

461  frequently used as a surrogate for tularemia studies, we wished to demonstrate if the F. novicida

462  kpsF mutant was also attenuated in a murine model of inhalational tularemia to further
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463  corroborate the studies performed with the kdsD mutant in F. tularensis described above. As
464  shown in Fig. 11 and Table 6, we challenged groups of mice intranasally with either the F.

465  novicida U112 parent strain or the kpsF transposon mutant. All mice receiving the parent strain
466  succumbed to infection, and the LDsy was >24 CFU (Fig. 11 & Table 6). However, mice

467  receiving the kpsF mutant were able to survive challenge except for those receiving the highest
468  mutant doses (Fig. 11). The LDs, for the kpsF mutant was calculated to be 25,119 CFU (Table
469  6). The attenuation observed for the kpsF mutant was able to be almost fully restored when a
470  functional gene was supplied in trans on a plasmid (Fig. 11). The LDs, for the complemented
471  strain was calculated to be 32 CFU (Table 6).

472

473  Discussion:

474 Bacterial resistance to antibiotics is a serious threat to both public health and biodefense
475  communities. The purpose of this study was to further characterize a ciprofloxacin resistant

476  mutant of the Schu S4 strain of F. tularensis (24) to better understand the pathogenesis and

477  potential threat posed if such a strain emerged, naturally or intentionally. The major findings of
478  our work were: 1) The CipR mutant was severely hampered in its ability to cause infection in all
479  tested murine models of tularemia; 2) In addition to the previously identified changes to gyrA
480 and parE (24), the genome of the CipR strain contained additional alterations. The mutation
481  most likely leading to the attenuation to the CipR mutant was a frameshift in kdsD, a

482  biosynthesis gene for KDO; 3) Mutation of kdsD/kpsF in the Schu S4 strain of F. tularensis or
483  the U112 strain of F. novicida led to LPS alterations and severe attenuation in mice for both

484  Francisella species.

Bozue et al Page 21

UNCLASSIFIED



TR-16-189 DISTRIBUTION STATEMENT A: Approved for public release; distribution is unlimited.

485 In addition to having a high level of resistance to ciprofloxacin, the CipR strain displayed
486  numerous other phenotypes: in vitro growth defects broth media, increased sensitivity to a panel
487  of hydrophobic agents, alteration of the LPS profile, premature induction of macrophage death,
488  and high attenuation in multiple models of murine tularemia. Many of these additional

489  phenotypes (but not all) are likely due to the frameshift of kdsD gene which occurred

490  coincidently during the selection process and was unassociated with ciprofloxacin resistance.
491  Mutations specifically to the kdsD/ kpsF gene of either the parent Schu S4 strain of F. tularensis
492  orthe U112 strain of F. novicida replicated many of the observations observed with the CipR
493  strain. We focused on the mutation of kdsD in CipR to better understand the phenotype of this
494  strain since it was the only gene, outside of parE, experiencing a frameshift which presumably
495  would result in a higher impact effect. In addition, LPS is an established virulence factor for F.
496  tularensis (61-66).

497 The other altered genes on the CipR chromosome led to amino acid substitutions within
498 the effected protein (Table 2) versus undergoing a more dramatic frameshift mutation. This

499  would not discount the potential of these other mutations playing some part in the loss of

500 virulence or other phenotypes observed for the CipR strain. Some of these alterations occurred
501 to genes encoding for other known Francisella virulence factors, such as Ftt_0807/ capA (75,
502  76) and fupA (77, 78). In addition, the role, if any, in Francisella pathogenesis for the other

503  proteins remains to be determined. The FabH and FabF proteins are both enzymes involved in
504  type Il fatty acid biosynthesis system which are required for synthesis of essential lipoproteins,
505  phospholipids, and LPS (79, 80). Presently, little else is known about FtaG (FTT_1573c), an
506  outer membrane surface antigen (81). Likewise, Ftt0_676 encodes for an ion transporter which

507 has been shown to be downregulated when F. tularensis is present within macrophages (82).
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508 In addition, as shown in Fig. 1A, the broth growth defects of the kdsD mutant in Schu
509  S4 and kpsF mutant in U112 were able to be restored to the respective wild-type levels when
510 providing exogenous A5P, the end product of the p- arabinose 5-phosphate isomerase activity.
511  This growth defect was not able to be restored to the CipR strain when providing A5P,

512  demonstrating additional defects to this strain.

513 However, many of the observations for CipR were also seen in the Schu S4 kdsD mutant,
514  such as a defect in the LPS profile. This would not be surprising as the kdsD gene encodes for
515 the first step for biosynthesis of KDO. Our study is the first to examine a kdsD mutant of F.

516 tularensis. However, a recent report describes a transposon mutant in kdsB (FTT_1478c) which
517  encodes for cytidine 5'-monophospho-KDO synthase. This mutant also did not react with

518  antibodies generated against LPS or the capsule but virulence studies were not reported (72).

519  Other studies describe additional LPS Francisella mutants in LPS biosynthesis, and these

520 mutations also show early induction of death to macrophages (72, 73) and attenuation in murine
521  models of tularemia (64, 83, 84), as observed for the CipR mutant and the kdsD mutant reported
522 here.

523 In our current study, the pathology noted with mice challenged intranasally or by small
524  particle aerosol with the wild-type Schu S4 are in general agreement with other published studies
525 (19, 74). For pneumonic tularemia by either challenge route with Schu S4, overall, the lungs of
526  infected mice showed lesions characterized by necrosis and nueurtophilic inflammation of the
527  parenchyma and pleura. The lesions in the spleens were characterized also by necrosis of the red
528 and while pulp. The BALB/c mice were extremely sensitive to challenge by the intranasal route
529  with Schu S4 as the LDso was determined to be only 1-2 CFUs. In contrast, mice that were

530 intransally challenged with the CipR strain or the kdsD mutant were highly resistant (Table 6).
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531  However, when the intranasal challenge doses for the CipR mutant reached the range of ~10,000
532  CFUs, 3/10 mice did succumb by Day 16, a much later time point than observed with wild-type
533  Schu S4 challenged mice succumbing to infection by Day 5 when exposed to the highest

534  challenged dose (300 CFU). However, no mice challenged with the kdsD mutant succumbed to
535 infection or showed any outward clinical signs, even at the highest challenge dose (82,000 CFU).
536  Therefore, though both the CipR and kdsD mutant strains are highly attenuated as compared to
537 the Schu S4 parent strain, the kdsD mutant does appear to be slightly more affected for virulence
538  for pneumonic challenge models. This was also reflected in the pathology results for the aerosol
539  challenged mice where a slight in increased lung inflammation was noted in the lungs of the

540 CipR challenged mice as compared to the kdsD challenged mice. In addition, the mice

541  challenged with the kdsD mutant were estimated to have received over twice the dose as

542  compared to the CipR challenged mice. The exact reasoning for this slight difference in the level
543  of attenuation between CipR and kdsD remains to be determined and was unexpected as the

544  CipR strain contains additional genetic changes. Potential reasons for this difference could be
545  that the CipR challenged mice are able to mount more of an immune response to the mutant

546  strain since these bacteria from the lungs could be recovered for a longer period of time (Fig. 7).
547 Other LPS (waaY and waal.) mutants in a Schu 4S background similarly showed high
548 levels of attenuation in BALB/c mice following intranasal challenge as determined by LDsg

549  measurements (1.3x10* and 3x10°, respectively) (64). However, we note several differences in
550 the infection of BALB/c mice between the mutant strains. The Schu S4 waaY and waalL mutant
551  strains examined in by Rasmussen et al (64) appears to have induced a much higher level of lung
552 necrosis as examined by histopathological analysis when challenged with 10° CFU of either

553  mutant strain. In contrast, the kdsD mutant showed only a low level of pneumonia early on
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554  following intranasal challenge which was much less severe when compared to infection with the
555  parent Schud strain. However, our challenge dose was with the kdsD mutant was 6x10° CFU.
556 In addition, the waaY and waalL Schu S4 mutants were able to disseminate from the lungs
557  and replicate within the mouse organs examined (64). For out study, the kdsD mutant was

558  recovered poorly from the spleens following intranasal challenge and in addition, CFUs

559  recovered from the lung did not increase over the time course examined.

560 Two possibilities exist to explain these differences between the two studies. Firstly, the
561 waaY and waal F. tularensis mutants expressed a truncated LPS structures and retained a partial
562  O-antigen structure (64). In contrast, the kdsD mutant is unable to synthesize KDO; therefore no
563  O-antigen structure would be expressed at all (Fig. 2). The kdsD mutant with a more dramatic
564  LPS deficiency could be more attenuated for the murine challenges. Secondly, the doses used
565  for the mouse challenges with the mutant strains between the two studies differed (10° CFUs for
566  waaY and waaL versus 10° CFUs for kdsD) making a direct comparison difficult.

567 Other LPS mutants of F. tularensis demonstrated the potential to provide a protective
568  response against parent strain challenges (64, 66, 83, 85-87). Future vaccination studies with the
569  Schu S4 kdsD mutant may be warranted to determine if some level of protection would be

570  provided against challenge with fully virulent F. tularensis strain. Although, as detailed above,
571  the dissemination and recovery of the kdsD mutant was rather limited (Fig. 7) as compared to the
572  dissemination of other Schu S4 LPS mutant strains which were able to protect (64). Therefore
573  protection granted with the kdsD mutant as a live vaccine could be limited.

574 However, a more promising avenue to explore further is the potential of p- arabinose 5-
575  phosphate isomerase (KdsD) to serve as a therapeutic target as previous proposed (88, 89). This

576  enzyme would be an attractive target for novel therapeutics for gram-negative bacteria as KDO is

Bozue et al Page 25

UNCLASSIFIED



TR-16-189 DISTRIBUTION STATEMENT A: Approved for public release; distribution is unlimited.

577

578

579

580

581

582

583

584

585

586

587

588

589

590

591

592

593

594

595

596

597

598

necessary for LPS synthesis and bacterial virulence. In addition, arabinose-5-phoshate would not
be present within mammalian tissue to provide an exogenous source. Furthermore, structural
analyses studies have identified putative active sites for catalysis (90, 91), opening the possibility
for the screening of small molecule inhibitors for drug design. Such novel targets and

mechanisms of action are currently needed to combat antimicrobial resistance.

Materials and Methods:

Bacterial strains. All strains and plasmids used in this study are listed in Table 1.

Escherichia coli NEB Turbo cells (New England Biolabs) were used for cloning purposes. E.
coli was propagated in Luria broth or agar supplemented with ampicillin at 100 pg/ml,
hygromycin at 200 pg/ml, or kanamycin at 20 pg/ml as necessary. All cultures were grown at
37°C.

The F. tularensis subsp.tularensis strains used included the fully virulent Schu S4 (21)
and a ciprofloxacin resistant Schu S4 derivative which has been previously selected with
approval by the CDC (24). Previous characterization of the ciprofloxacin resistant strain
determined that the gyrA gene contained two base pair (bp) switches: C248—T and G259—T.
In addition, a five-bp deletion occurred in the parE gene. Also included was F. tularensis subsp.
novicida strain U112 and a transposon derivate (69) (BEI).

For routine growth of F. tularensis species, bacteria were grown on enriched chocolate
agar plates obtained from Remel™ (product number R01300; Lenexa, KS). When necessary,
agar was supplemented with kanamycin at 10 pg/ml and/ or hygromycin at 200 pg/ml. As

indicated, F. tularensis was grown in broth culture in Chamberlains Defined Medium (CDM)
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599  (92) or brain heart infusion (BHI) broth supplemented with 1% Isovitalex (Becton Dickinson,
600  Cockeysville, MD, USA).

601 USAMRIID is compliant with all federal and Department of Defense regulations

602  pertaining to the use of Select Agents.

603 Genomic sequencing and analysis. Chromosomal DNA was prepared from the

604  ciprofloxacin resistant F. tularensis using the Qiagen Genomic-tip 500/G kit with the appropriate
605  buffers according to the manufacturer’s instructions. Genomic DNA (gDNA) was sequenced at
606  on a Pacific Biosciences RSII. Specifically, the sequencing library was prepared using the

607  SMRTbell™ Template Prep Kit (Pacific Biosciences, Menlo Park, CA) following

608  manufacturer’s protocol. 5 pg of gDNA was fragmented using gTUBE (Covaris Inc., Woburn,
609 MA) to ~20 kb. After DNA damage repair and ends repair, blunt hairpin adapters were ligated to
610 the template, and failed ligation products were digested with Exolll and ExoVII exonucleases.
611  Resulting SMRTbell template was size selected on BluePippin system (Sage Science, Beverly,
612  MA) using 0.75% dye-free agarose cassette with 4-10kb Hi-Pass protocol and low cut set on 4
613  kb. Size selected template was cleaned and concentrated with AMPure PB beads. The P4

614  polymerase in combination with the C2 sequencing kit and we collected 240-minute movies.

615  Raw reads were quality filtered (subread length >=500; polymerase read quality >= 0.80) and
616  assembled using HGAP 2 v2.1.0 with a length cutoff of 14,211 bp (93). Gepard v1.30 (94) was
617  used to identify repetitive, low-quality sequence at the contig ends, which was trimmed using
618  custom scripts. The final genome assembly (Genbank: CP013853) was annotated using NCBI’s
619  Prokaryotic Genome Annotation Pipeline v3.0 (95).

620 To identify genomic differences in F. tularensis CipR relative to its parent strain, wgsim

621  (github.com/Ih3/wgsim) was used to computationally “shred” the de novo assembly into 1
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622  million perfect-match read pairs (150bp x 2 with a fragment size of 500bp), for an average of
623  ~150x depth. These synthetic reads were then aligned to the F. tularensis Schu S4 reference

624  genome (Genbank: NC_006570) using Bowtie2 (reads were ignored if they mapped equally well
625  to multiple places in the reference genome) (96) and variants were called using the

626  UnifiedGenotyper in GATK v3.1-1-g07a4bf8 (97). The predicted effects of variants were

627  annotated with SnpEff (98) using the " Francisella_tularensis SCHU_S4 uid57589" database.

628 Mutant Construction. The kdsD mutant strains of F. tularensis were created using a

629  modified TargeTron (Sigma-Aldrich, St. Louis, MO) mutagenesis system (68). In brief, the

630  coding sequence of the gene of interest was entered into the Sigma TargeTron primer design site
631  to determine the appropriate oligonucleotides for retargeting the intron. The modification to this
632  procedure was an Xhol restriction site was substituted for the Hindlll. The resulting PCR

633  product was cloned into vector pKEK1140 (68). The plasmid was introduced into the Schu S4
634  strain by electroporation and the transformed strains with the retargeted plasmid were grown at
635  30°C on chocolate agar with 15 pg/ml kanamycin. Kanamycin resistant colonies were then

636 isolated and screened via PCR to identify mutant strains. The presence of the TargeTron

637 insertion was determined using an intron-specific EBS universal primer combined with a gene
638  specific primer, and intron insertion of the targeted gene was determined using gene-specific
639  primers that amplified across the insertion site. To cure the plasmid from the mutant clones,
640  bacteria were grown overnight at 39°C in BHI containing 1% Isovitalex and serially diluted on
641  chocolate agar plates. Individual colonies were screened for loss of kanamycin resistance.

642 Complementation of the kdsD mutation. For complementing the observed phenotypes

643  from the kdsD F. tularensis and kpsF F. novicida mutant strains, a functional kdsD gene was

644  PCR amplified from DNA from the Schu S4 strain with flanking upstream DNA which would
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645  presumably contain the promoter. The DNA fragment was cloned into vector pMP831 (99) and
646  then transformed into the respective mutant strains by electroporation. The constructs were
647  selected by hygromycin resistance (200 pg/ml) which is present on the vector.

648 Growth assays. Growth assays were performed in Chamberlains defined broth (92), with

649  or without the addition of D-arabinose 5-phosphate (A5P) (Sigma-Aldrich, product # A2013), as
650 indicated. Assays were performed using an Infinite M200 Pro (Tecan; Mannedorf, Switzerland)
651  microplate reader in 96-well microtiter plates at 37°C with shaking. The ODgg Was measured
652  every 60 min. For all assays, the bacterial strains were grown for 24 hr on a chocolate agar plate
653  and then resuspended in the respective broth medium to an equal ODggo. All samples were

654  performed in quadruplicate and included medium controls to confirm sterility and for use as

655  blanks to calculate the absorbance of the cultures.

656 Macrophage Assays. J774A.1 cells, a murine macrophage-like cell line, were seeded

657  (~2.5x10° cells/well) into 24-well plates and cultured 2-3 days (37°C, 5% CO) at which time the
658  cells had formed confluent monolayers. The cells were maintained in Dulbecco’s Modified

659  Eagle’s medium (D-MEM) containing high glucose, 10% heat-inactivated fetal bovine serum
660 (FBS), plus 1.5 g/l sodium bicarbonate. For the intracellular assays, F. tularensis or F. novicida
661  was suspended in PBS from a 24 hr or 18 hr plate, respectively, and then diluted 1:5 in tissue
662  culture medium. The bacterial suspension was added to the macrophages in 200 pl to achieve an
663  MOI of ~100:1. The bacteria and macrophages were allowed to coincubate for 2 hrs at 37°C

664  with 5% CO,. Next, the medium containing the extracellular bacteria was aspirated and replaced
665  with fresh tissue culture medium supplemented with 25 pg/ ml of gentamicin for an additional 2
666  hrs. After this incubation, a sample of tissue culture wells was washed three times with PBS.

667  The monolayer was then lysed with 200 pl of sterile water, immediately scraped, and suspended

Bozue et al Page 29

UNCLASSIFIED



TR-16-189 DISTRIBUTION STATEMENT A: Approved for public release; distribution is unlimited.

668  in 800 pl of PBS. The suspension was serially diluted in PBS and plated onto Remel™

669  chocolate agar plates.

670 To analyze the fate of the macrophages infected with Schu S4 strains, coverslips

671  containing the J774 cells were fixed with 4% formalin, permeabilized with PBS containing

672  0.025% saponin and then subjected to Wright Giemsa solution (Electron Microscopy Sciences,
673  Hatfield, PA) for 10 min. Coverslips were washed 3x with PBS and mounted. Light microscopy
674  was performed on the Zeiss Axio Observer Z1 equipped with a x 40 oil objective lens, AxioCam
675 HRc camera and Zen-Blue edition 2011 software (Carl Zeiss Microimaging, Thornwood, NY).
676 For analysis of macrophages infected with F. novicida, coverslips were removed and
677  placed in media containing 1 drop of Cell Event Caspase 3/7 green ready probes reagent

678  (Thermo Scientific Fisher) and incubated for 30 minutes. Confocal microscopy was performed
679  on the Zeiss 700 Laser Scanning Microscopy System using Zen-Black Edition 2011 software
680  (Carl Zeiss Microimaging, Thornwood, NY). Fluorescent and differential interference contrast
681  (DIC) images were collected using the x40 (numerical aperture: 1.3) oil objective lens with the
682  pinhole set to 2 Airy unit.

683 Analysis of bacterial cell extracts. Whole-cell extracts were collected for protein and

684  endotoxin analysis from plate grown F. tularensis and F. novicida strains. Cultures were

685  prepared at equal CFU concentrations in PBS, lysed in gel loading buffer solution, and boiled for
686 30 min. Sterility of the extracts was confirmed. Proteins were fractioned on NuPage Novex 4-
687  12% Bis-Tris gels. For Western analysis, fractionated proteins were transferred onto a

688  nitrocellulouse membrane using an iBlot Gel Transfer Device. After transfer, the membranes
689  were blocked with 1% skim milk in Tris Buffered Saline + Tween 20. F. tularensis samples

690  were blotted with mouse monoclonal antibodies, anti-LPS (F6070-02X; US Biological) or anti-
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691  capsule (11B7; (61)), at a dilution of 1:500. F. novicida samples were blotted with a mouse
692  monoclonal antibody from cell culture supernatants with an anti-LPS antibody, Fn#13,

693  (ImmunoPrecise Antibodies) at a dilution of 1:100. The loading control antibody used for all
694  analyses was rabbit polyclonal anti-E.coli GroEL (dilution of 1:2,000 ) (Enzo Life Sciences).
695  Bands were visualized using 3,3',5,5'-Tetramethylbenzidine (TMB) Membrane Peroxidase
696  substrate (Kirkegaard & Perry Laboratories, Inc; Gaithersburg, MD).

697 Mass spectrometry analysis of lipid A. LPS from F. tularensis strains was prepared using

698  a LPS extraction kit (Catalog # 17141) from Intron Biotechnology. Sterility of the LPS

699  preparations was confirmed. The samples were analyzed by matrix-assisted laser desportion
700 ionization time-of-flight (MALDI-TOF) mass spectrometry analysis using protocols developed
701 by Zhou et al (100). In short, 20 pl of each LPS sample was mixed with 80 ul of

702 methanol/chloroform in a glass vial, briefly vortexed and 1 ul of the solubilized sample spotted
703 on astainless steel target. Samples were allowed to air dry and 0.5 pl of matrix (10 mg/ml 2,5-
704  dihydrobenzoic acid) was added to each spot. Samples were analyzed by MALDI-TOF mass
705  spectrometry in reflector/negative ion mode using an Applied Biosystems 5800 instrument. The
706  instrument was calibrated with low molecular weight standards (Bruker) and data were collected
707  from 800 to 4000 (m/z) by manual “hot spot” searching and adjusting laser intensity to obtain
708  optimum signal to noise for each sample. Each of the reported spectra are averages of 1000 laser
709  shots.

710 MIC susceptibility assays. Ciprofloxacin was purchased from USP, made into 5mg/mL

711 stocks according to the CLSI guidelines (Clinical and Laboratory Standards Institute, 2013), and
712 stored at -70°C until use. Bacterial inoculums were prepared by suspending colonies into cation-

713 adjusted Mueller-Hinton broth (CAMHB) from isolates grown aerobically at 35°C on chocolate
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714  agar plates for 42-48 h. Suspended cultures were diluted with CAMHB to a bacterial cell

715 density of ~10° CFU/ml based using a 0.5 McFarland standard. To each well of the 96-well

716  plate, 50 pl of the adjusted dilution was added for a final inoculum of approximately 5 x 10*

717  CFU/well. MICs were determined by the broth micro-dilution method in 96-well plates

718  according to CLSI guidelines (Clinical and Laboratory Standards Institute, 2013). Ciprofloxacin
719  serially diluted two-fold in 50 pl of CAMHB. The antibiotic range tested was 0.03 — 64 pg/ml
720  based on a final well volume of 100 pl after inoculation. Plates were incubated at 35°C and

721  MICs determined visually at 42- 48 h. Quality control was established by using E. coli ATCC
722 25922, S. aureus ATCC 29213, and P. aeruginosa ATCC 27853 according to CLSI guidelines
723 (Clinical and Laboratory Standards Institute, 2013).

724 in vitro susceptibility assays F. tularensis and F. novicida strains were suspended in PBS

725  at an ODggo of approximately 0.2 and 100 pul aliquots were spread on chocolate agar plates.

726  Sterile paper disks (Sigma, product # 74146) 10 mm in diameter were saturated in water, SDS
727 (100 mg/ ml), Triton X (5%), Tween 20 (5%), or PMB (10 mg/ ml), allowed to dry, and placed
728  onto chocolate agar plates. For each study, three separate disks were prepared for each inhibitor
729  was assessed by measuring the diameter of the zone of growth inhibition. The study was

730  repeated three separate times.

731 Animal challenges. To determine the ability to cause infection, BALB/c mice (7-9 week-

732 old) were challenged with F. tularensis or F. novicida in groups of 10 by various routes. For all
733 methods of infection, the challenge doses were determined by serial dilutions in PBS and plating

734  on chocolate agar. Intradermal challenge. Frozen F. tularensis stocks were streaked onto

735  chocolate agar and incubated at 37°C for 2 days. Next, a fresh chocolate agar plate was swabbed

736  from the streak plate and grown for 24 hr. Bacterial cells were harvested from the plate in PBS,
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737  and mice were challenged with 0.1 ml aliquots at various cell concentrations. Intranasal

738  challenge. Mice were anesthetized with 150 pl of ketamine, acepromazine, and xylazine injected
739  intramuscularly. The mice were then challenged by intranasal instillation with 50 pl of F.

740  tularensis or F. novicda suspended in PBS from 24 h or 18 h grown freshly swabbed plate

741  cultures, respectively. For all challenge experiments, mice were monitored several times each

742  day and mortality rates (or euthanasia when moribund) were recorded. Aerosol challenge. For

743 aerosol challenges, a 24 hr swabbed plate was used to inoculate flasks containing 25 ml of BHI
744  broth containing 1% Isovitalex at an approximate ODggo 0f 0.025. BHI was chosen as the growth
745  medium for aerosol studies as it was previously shown to be more conducive for Francisella
746  survival during aerosolization and improved spray factors (101). The broth cultures were grown
747  overnight at 37°C shaker at 150 rpm. The cultures were adjusted for various challenge doses.
748  Mice were exposed to F. tularernsis using a dynamic 30-liter humidity-controlled Plexiglas

749  whole-body exposure chamber, as previously described. The calculated inhaled doses were

750  obtained as previously described (102). In vivo dissemination. For F. tularensis dissemination

751  studies, mice were challenged intranasally as described above with the indicated strain and dose.
752 At specified time points after challenge, mice were then euthanized within a CO, chamber. The
753  lungs and spleens were harvested, rinsed with PBS, weighed, and then homogenized in 1 ml of
754  PBS in atissue grinder (Kendall Healthcare Precision Disposable Tissue Grinder Systems,

755  Covidien; Mansfield, MA). The homogenates were then serially diluted and plated on to

ITM

756  Remel ™ chocolate agar plates.

757 Ethics Statement. Challenged mice were observed at least twice daily for 21 days for

758  clinical signs of illness. Humane endpoints were used during all studies, and mice were

759  humanely euthanized when moribund according to an endpoint score sheet. Animals were
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760  scored on a scale of 0-12: 0-3= no clinical signs; 4-7=clinical signs; increase monitoring; 8-12=
761  distress; euthanize. Those animals receiving a score of 8-12 were humanely euthanized by CO,
762  exposure using compressed CO, gas followed by cervical dislocation. However, even with

763 multiple checks per day, some animals died as a direct result of the infection.

764 Animal research at The United States Army of Medical Research Institute of Infectious
765  Diseases was conducted and approved under an Institutional Animal Care and Use Committee in
766 compliance with the Animal Welfare Act, PHS Policy, and other Federal statutes and regulations
767  relating to animals and experiments involving animals. The facility where this research was

768  conducted is accredited by the Association for Assessment and Accreditation of Laboratory

769  Animal Care, International and adheres to principles stated in the Guide for the Care and Use of
770  Laboratory Animals, National Research Council, 2011.

771 Pathology. Postmortem tissues were collected from mice challenged with F. tularensis or
772 F.novicida, fixed in 10% neutral buffered formalin, routinely processed, embedded in paraffin,
773 and sectioned for hematoxylin and eosin (HE) staining.

774 Statistics. For comparing data from the sensitivity to inhibitor and CFU recovery from
775  macrophages, statistical significance (P< 0.05) was determined by the two-tailed Student t test.
776  Growth of bacterial strains in broth media was analyzed as previously described (103). We used
777  alogistic growth equation to fit the data as a function of maximum density, lag time, and

778  maximum growth rate. LDsg analysis was determined by the Bayesian probit analysis. Survival
779  rates were compared between groups by Fisher exact tests with permutation adjustment for

780  multiple comparisons using SAS Version 8.2 (SAS Institute Inc., SAS OnlineDoc, Version 8,

781  Cary, N.C. 2000).

782
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1068  Figure Legends:

1069 Fig. 1. Growth assays. F. tularensis (A) or F. novicida (B) strains were grown in
1070  Chamberlain’s Defined medium at 37°C with or without the presence of D-arabinose 5-

1071 phosphate (A5P) at a concentration of 400 uM. Growth was monitored by optical density. OD
1072  measurements were based upon quadruplicate samples and bars represent standard error of the
1073  mean. These data represent at least two separate experiments. The growth of the F. tularenesis
1074  kdsD or F. novicida kpsF mutants were severely altered for growth in Chamberlain’s medium.
1075  However, the addition of A5P to the medium significantly increases the growth of these strains.
1076  In contrast, the presence of A5P did not affect the growth of the F. tularensis CipR mutant.
1077

1078 Fig 2. Western analysis of Francisella strains. Pellets of the (A) F. tularensis strains:
1079  Schu S4 (WT), CipR, kdsD, and kdsD complement (Comp) or (B) F. novicida strains: U112
1080  (WT), kpsF, and kpsF complement (Comp) were lysed. Extracts were run on SDS-PAGE gels at
1081  equal concentrations and blotted with various antibodies as indicated: monoclonal antibody to
1082  the O-antigen of LPS of F. tularensis or F. novicida; monoclonal antibody to the O-antigen of
1083  the F. tularensis capsule; or a polyclonal antibody to GroEL of both F. tularensis and F.

1084  novicida. Molecular masses are indicated on the left in KDa.

1085 A) The LPS and capsule profiles of the CipR and kdsD mutants were defective in

1086  comparison to the WT strain. However, these profiles were restored for the kdsD mutant when
1087  complemented with a functional gene on a plasmid. Equal loading of sample material was
1088  demonstrated when blotting the extracts with an antibody directed against the GroEL protein.
1089 B) The LPS profile of the kpsF mutant was defective in comparison to the U112 parent
1090  strain. However, the profile was restored for the kpsF mutant when complemented with a

1091  functional kdsD from F. tularensis was provided on a plasmid. Equal loading of sample material
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1092  was demonstrated when blotting the extracts with an antibody directed against the GroEL

1093  protein.

1094

1095 Fig. 3. Characterization of the F. tularensis lipid A structure by MALDI-TOF mass
1096  spectrometry. LPS extracts from wild type Schu S4 (A), CipR (B), kdsD, (C) and

1097  complemented kdsD mutant were analyzed by negative ion mode MALDI-TOF mass

1098  spectrometry. Monoisotopic mass/charge values of the four most prominent species within each
1099  spectrum are reported; these values correspond with the expected molecular weights of F.

1100 tularensis lipid A and its known variants as previously reported (27).

1101

1102 Fig 4. The interaction of F. tularensis CipR and kdsD mutants with macrophage-
1103 like cells show a decrease in CFU recovery and disruption of the host monolayer. J774A.1
1104  cells were infected with A) Schu4 WT or CipR or B) Schu4 WT, kdsD mutant, or complemented
1105  kdsD mutant (+ kdsD) at a MOI of ~100:1. Data depict viable counts following gentamycin
1106  protection assays. For the 4 h time point, no difference in CFUs was noted between the mutant
1107  strains and the respective parent. However, 24 h post-challenge, the mutant strains showed a
1108  significant decrease in recovered CFUs (* P=0.0002 or ** P=<0.001;) as compared to the parent.
1109  The kdsD mutant was complemented with a functional gene, and an increase in CFUs was

1110  observed. Error bars represent standard error of the mean values from the CFU counts of

1111 triplicates samples which were plated in duplicate. A representative experiment is shown from
1112 triplicate experiments.

1113 Panel C shows coverslips of monolayers of J774A.1 cells infected with F. tularensis

1114  Schu S4 (WT), CipR, kdsD, or complemented kdsD mutant (+kdsD). Cells were fixed at 24 h
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1115  post-infection and then subjected to Wright Giemsa staining. Little or no cell death was seen in
1116  cells infected with WT or the complemented mutant, and the monolayers remain intact. In
1117  contrast, cells infected with cipR and kdsD mutant underwent cell death and have lifted off by 24

1118  h post-infection Bar = 20 um.

1119 Fig. 5. The interaction of F. novicida kpsF mutant with macrophage-like cells

1120  showed a decrease in CFU recovery and the host cell monolayer undergoing apoptosis.
1121 J774A.1 cells were infected with A) the F. novicida U112 parent strain, kpsF mutant, or

1122 complemented kpsF mutant (+ kpsF) at a MOI of ~100:1. Data depict viable counts following
1123 gentamycin protection assays. For the 4 h time point, no difference in CFUs was noted between
1124  the mutant strains and the respective parent. However, 24 h post-challenge, the mutant showed a
1125  significant decrease in recovered CFUs (* P=0.0042) as compared to the parent. Error bars

1126  represent standard error of the mean values from the CFU counts of triplicates samples which
1127  were plated in duplicate. A representative experiment is shown from triplicate experiments.
1128 J774A.1 cells, seeded at the same density on coverslips, were left uninfected or infected
1129  with F. novicida U112, kpsF, or the complemented mutant. B) At 18h post-infection, cells were
1130  incubated with Caspase 3/7 and infected J774A.1 cells were counted to determine the percentage
1131 of cells fluorescing due to apoptosis. The total number of cells counted for each of the samples
1132 was WT infected = 1,596; kpsF infected = 621; + kpsF infected = 892 cells; and uninfected

1133 negative control = 689. C) In addition, images of the cells incubated with Caspase 3/7 green
1134  ready probes imaged live and fluorescing (left panel) with an accompanying differential

1135 interference contrast (DIC) and merge (middle and right column) images taken to show cell

1136  density. Cells infected with kpsF mutant show an increase in fluorescent signal in the monolayer
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1158

indicating cells destined for cell death, in contrast to uninfected and those infected with WT or +

kpsF.

Fig. 6. The CipR and kdsD mutant strains of F. tularensis were severely attenuated
in BALB/c mice by intranasal and intradermal challenge. Groups of BALB/c mice were
challenged and survival monitored following various tularemia models of infection (intranasal
(A, C, E, and G) and intradermal (B, D, and F) injections using the wild-type Schu S4 strain (A
and B), CipR mutant (A and D), kdsD mutant (E and F), and the complemented kdsD mutant

strain (G). The calculated LDsg values from these experiments are included in Table 6.

Fig. 7. Dissemination studies of mice challenged intranasally with F. tularensis.
Mice were challenged intranasally with Schu S4 (131 CFU), CipR (1,750 CFU), or kdsD (6,000
CFU). At set time points, mice were euthanized, and the lungs and spleens were harvested. The
lungs and spleens, as indicated, were homogenized and plated to determine bacterial recovery.
For each time point, five mice were assayed, except for day 5 for wild-type challenged mice and
Day 28 for the CipR challenged mice due to mice having succumbed to infection. The lines
(solid= WT Schu S4, hashed= CipR, and dotted= kdsD ) are connecting at the geometrical
means at the data points of CFU recovery from the respective organs and represent the overall

trend during the course of infection.

Fig. 8. Pathology of mice challenged intranasally with F. tularensis 5 days post-
challenge. The strains used for challenge (Schu S4 WT, CipR, and kdsD) and HE stained organ

(lung, spleen, and liver) are as indicated. All samples shown are at 5 days post challenge when
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1159  the Schu S4 challenged mice were moribund; in contrast, the mutant challenged mice displayed
1160  no clinical signs of infection at this time point.

1161 Schu S4 WT, Lung (4x) — multifocal areas of inflammation and necrosis (*); arrow

1162  indicates the inset area. Inset (40x) — necrosis admixed with inflammatory cells. Spleen (4x) —
1163  coalescing areas of necrosis (*) affecting red pulp and white pulp; arrow indicates the inset area.
1164  Inset (40x) — necrosis admixed with inflammatory cells. Liver (4x) — Single focus of necrosis
1165  (*); arrow indicates the inset area. Insert (40x) — necrosis with few inflammatory cells.

1166 CipR, Lung (4x) — diffuse coalescing necrotic areas. Inset (40x) — necrosis admixed with
1167  inflammatory cells. Spleen (4x) —normal. Liver (4x) — normal.

1168  kdsD, Lung (4x) — few foci of necrosis (*); arrow indicates the inset area. Inset (40x) — necrosis
1169  admixed with inflammatory cells extends to the surface of the lung. Spleen (4x) — normal. Liver
1170  (4x) —normal.

1171

1172 Fig. 9. The CipR and kdsD mutant strains of F. tularensis are attenuated in BALB/c
1173 mice following small particle aerosol challenge. A control group of mice were sprayed with
1174 33 LDs of the parent Schu S4 strain, and all succumbed or were moribund by Day 5. In

1175  contrast, other mice were sprayed with either the CipR strain (receiving the equivalent of 43
1176  wild-type LDsp) or the kdsD mutant (receiving the equivalent of 100 wild-type LDsp) and all
1177  survived challenge to Day 21 post spray.

1178

1179 Fig. 10. Pathology of mice challenged by small particle aerosol with F. tularensis.
1180  The strains used for aerosol challenge (Schu S4 WT, CipR, and kdsD) and the HE stained organ

1181  (lung, spleen, and liver) are as indicated. The mice challenged with Schu S4 were collected at
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1182  Day 5 when all mice had succumbed to infection. The mice challenged with the CipR or kdsD
1183  mutant survived till the end of the study (Day 21) and displayed no clinical signs of infection.
1184  Schu S4 WT: Lung (4x) — multifocal areas of inflammation and necrosis (*); arrow indicates the
1185  inset area. Inset (40x) — necrosis admixed with inflammatory cells. Spleen (4x) — diffuse

1186  coalescing areas of necrosis (*) affecting red pulp and white pulp. Inset (40x) — necrosis (*)
1187  admixed with inflammatory cells; arrow indicates the inset area. Liver (10x) — Single focus of
1188  necrosis (*); arrow indicates the inset area. Insert (40x) — necrosis with few inflammatory cells.
1189  CipR: Lung (4x) — Diffuse coalescing areas of necrosis (*) with inflammatory cells that extend
1190  to the surface of the lung. Spleen (4x) — normal. Liver (10x) — normal.

1191  kdsD: Lung (4x) — foci of necrosis (*) centered on a large airway. Spleen (4x) —normal. Liver
1192 (10x) — normal.

1193

1194 Fig. 11. The kpsF mutant of F. novicida is highly attenuated by intranasal challenge
1195  in BALB/c mice. Groups of BALB/c mice were challenged intranasally with the parent U112
1196  strain of F. novicida (A), the kpsF mutant (B), or the complemented kpsF mutant (C). The

1197  calculated LDsg values from these experiments are included in Table 6.

1198

1199

1200
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Table 1. Bacterial strains and plasmids

Relevant Characteristics

Reference/ Source

E. coli

NEB Turbo Cloning strain NEB

F. tularensis

Schu S4 Fully virulent Type A strain USAMRIID collection
CipR (Ft-127) 2 mutations in gyrA and a 5 bp deletion in parE; ciprofloxacin resistant (24)

kdsD kdsD::1trB 1 This study

kdsD with pMP831+kdsD Complemented kdsD mutant strain This study

F. novicida

U112 strain F. tularensis subsp. novicida ATCC 15482 (13)
kpsF kpsF::T20 (BEI catalog # NR-6746) BEI (69)

kpsF with pMP831+kdsD Complemented kpsF::T20 This study

MIC analysis strains

E. coli ATCC 25922 Used as a standard for quality control ATCC

S. aureus ATCC 29213 Used as a standard for quality control ATCC

P. aeruginosa ATCC 27853 Used as a standard for quality control ATCC

Plasmids

pKEK1140 Targetron plasmid (68)
pKEK1140-kdsD pKEK1140-tgt kdsD gene This study
pMP831 Complementation plasmid (99)
pMP831+kdsD Plasmid containing the intact Ft kdsD This study

MIC, minimum inhibitory concentration
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Table 2. Genetic alterations identified in the CipR strain of F. tularensis

Protein Gene Function Gene Size | Mutation and consequence*
YP_169795 kdsD Isomerization of Ru5SP to A5P. 987 bp Addition of A at 174 bp.
YP 170322.1 | fabH 3-oxoacyl-ACP synthase 972 bp C—T at 805 bp. Pro—Ser

YP_169814.2 | capA

Hypothetical poly-gamma-glutamate system | 1,576 bp | A—>G at 2721 bp. Asp—Gly
protein

YP_170326.1 | fabF

beta-ketoacyl-acylcarrier-protein synthase Il | 1,638 bp | A—G at 934 bp. Ser—Gly

YP_169692.1 | Ftt0676

conserved hypothetical membrane protein 1,260 bp | A—G at 848 bp. Glu—Gly

YP_169915.1 | fupA

Utilize iron bound to siderophores and for 1,728 bp Deletion of G at 105 bp; addition of G at 111 bp.
siderophore-independent iron acquisition Pro —Leu

YP_170495.1 | FtaG

Hypothetical/ Surface antigen variable 2,379bp | C—Tat 1517 bp. Thr—lle.
number repeat

Intergenic region Function Mutation

FTT 0025c - FTT_0026¢ | Hypothetical protein & drug resistance transporter, Bcr/CflA subfamily A—G

glgC - glgA Glucose-1-phosphate adenylyltransferase & glycogen synthase Deletion of A

FTT 0517 — prmA Hypothetical protein & 50S ribosomal protein L11 methyltransferase Deletion of TTTATATAAGT
FTT 1486¢ — coakE Hypothetical protein & dephospho-CoA kinase Deletion of A

* Bp numbers corresponds to ATG=1.
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Table 3. Oligonucleotides used in this study.

Oligonucleotide | Sequence

611/612s-1BS AAAACTCGAGATAATTATCCTTAGCATGCCCGCTAGTGCGCCCAGATAGGGTG

611/612s-EBS1d | CAGATTGTACAAATGTGGTGATAACAGATAAGTCCCGCTAAATAACTTACCTTTCTTTGT

611|612s-EBS2 TGAACGCAAGTTTCTAATTTCGATTCATGCTCGATAGAGGAAAGTGTCT

kdsD 5' cloning CGGACCGGATTAATTTGAATATGTTTCAT

kdsD 3' cloning CGGACCGGTTAGGTGATCCTGTAATGCTTA

Kan probe F TGCATGGTTACTCACCACTGC

Kan probe R TACAACCTATTAATTTCCCCTCG

Bolded sequence corresponds to Xhol restriction enzyme site.
Underlined sequence corresponds to BsrGl restriction site.

Italics sequence corresponds to Rsrll restriction enzyme site.
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Table 4. MIC Analysis

Strain Ciprofloxacin (pg/ ml)
F. tularensis Schu S4 <0.03

F. tularensis CipR 64

F. tularensis kdsD <0.03

F. novicida U112 <0.03

F. novicida kpsF <0.03

QC Standards

E. coli ATCC 25922 <0.03

S. aureus ATCC 29213 0.5

P. aeruginosa ATCC 27853 0.25
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Table 5. Susceptibilities of F. tularensis and F. novicida to hydrophobic agents

Strain PMB! + SD? Tween 20 + SD | Triton X + SD SDS + SD
Ft Schu S4 10+0 17.7 +2.08 35+0 32.3+2.52
Ft CipR 16.0 + 2.00* 31.7 + 2.89* 37.7 £2.89 37.3+1.16*
Ft kdsD 14.7 + 0.58* 24.3 +0.58* 39.7 +3.22 51.0 + 0*
Ft kdsD Comp 10+0 16.7 + 1.15 37.0+1.73 25.0 + 1.00
Fn U112 17+0 10+0 32 +3.00 25+0
Fn kpsF 19.3+1.16 19 + 0* 30 + 1.00 28.7 +3.51
Fn kpsF Comp 20.7+1.16 10+ 0 33.3+4.93 25.3+ 351

Sterile paper disks (10 mm in diameter) were saturated in polymyxin B at 10 mg/ ml, Tween 20 at 5%, Triton X-100 at 5%, or SDS at
100 mg/ ml, dried, and placed in triplicate onto separate agar plates. Sensitivity to each agent was assessed by measuring the diameter
of the zone of growth inhibition around the disk. The results are in millimeters and the average of the three measurements from each
separate disk. Representative data is shown from at least duplicate experiments.

Those inhibitors which displayed significant differences (P< 0.05) with the mutants strain as compared to measurements with the
respective parent strain are indicated by *.

1 PMB (polymyxin B)
2+ SD (standard deviation)
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Table 6. Calculated LDsq for the F. tularensis and F. novicida wild-type and mutant strains

Strain LDso Intranasal | LDsgg Intradermal
F. tularensis
Schu S4 1-2 CFU 1-2 CFU
CipR 14,468 CFU >49,000 CFU
kdsD >82,000 CFU >36,000 CFU
kdsD complement <10 CFU ND
F. novicida
U112 <23 CFU ND
kpsF-Tn 25,119 CFU ND
kpsF complement 32 CFU ND

Bozue et al
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